Abstract-We investigate the use of Silicon photomultipliers (SiPMs) for signal detection in underwater wireless optical communication (UWOC) systems. We present an analytical photon counting model for the SiPM and clarify the related noise sources. Then, for a typical UWOC link, we compare the link performance for the two cases of using an SiPM and an avalanche photo-diode, and show to which extent the link span can be increased for the case of an SiPMbased receiver. The results we present testify the practical interest and the feasibility of employing SiPMs in the UWOC context.
I. INTRODUCTION Underwater wireless optical communication (UWOC)
is considered today as a reliable and promising technology for establishing high data rate links in sub-sea environments. Despite this high potential, its deployment is currently limited to relatively short-to-moderate link spans, typically of several tens of meters in clear waters [1] , [2] .
Whereas light emitting diodes (LEDs) are mostly used at the transmitter (Tx) in UWOC systems for the reasons of low cost and beam alignment simplicity, the choice of photo-detector (PD) at the receiver (Rx) remains debatable. The classical PIN PDs appear to be an unsuitable choice due to high attenuation in the aquatic medium and are challenged by avalanche photo-diodes (APDs), interesting due to their inherent gain. APDs have been considered in several previous experimental and theoretical works, e.g. [3] , [4] . Photo-multiplier tubes (PMTs) appear to be a more suitable choice in this context and have drawn particular attention thanks to their high sensitivity to very low intensity signals (down to a few photons) and high gain [2] , [3] . Nevertheless, they are bulky and more expensive, require high voltage for operation, and are more easily damaged by exposure to high-intensity light [5] .
Very recently, silicon photo-multipliers (SiPMs), also known as multi-pixel photon counters (MPPCs), have emerged as an interesting photo-detection solution when working with very low intensity levels down to a single photon [6] . SiPMs have been reported to offer several advantages such as low operation voltage, insensitivity to magnetic fields and mechanical robustness (unlike PMTs). The reflection about using SiPMs in optical communications was initiated in [7] , [8] , where the feasibility of their use as PD was proven. SiPMs were later employed in several works in the domain of optical communications. In [9] these devices were considered for the design of inexpensive yet very sensitive receivers for plastic optical fiber links, capable of detecting small number of photons over long distances. In [10] , [11] , [12] , SiPMs were investigated in the context of long-distance and low-power visible light communications (VLC) together with optical orthogonal-frequency-division-multiplexing (OFDM) signaling; for instance, for down-hole monitoring applications. In particular, an experimental work in [13] demonstrated a 200 Mbps data rate VLC link using a SPAD-based Rx.
In this work, we investigate the interest and feasibility of employing SiPMs in UWOC applications. Considering a typical link configuration, we evaluate the performance of an SiPM-based Rx and illustrate its advantage, compared to the case of using an APD. Given these results, we discuss the relevance and reliability of using SiPMs in the UWOC context. In fact, as we will explain latter in Section III, an SiPM is composed of a number of APDs biased above the breakdown voltage, whereas in the classical APD use, the PD is biased below its breakdown voltage. Due to this reason, we consider the APD case as benchmark in our study of SiPMs.
The remainder of the paper is organized as follows. In Section II, we present the UWOC system description including channel model and the Rx noise for the APD case. Next, details on SiPM Rx modelling are provided in Section III and some numerical results are provided in Section IV to evaluate the Rx performance. Section V concludes the paper.
II. MAIN ASSUMPTIONS AND SYSTEM MODEL
We consider a point-to-point communication link, as depicted in Fig. 1 with a LED-based Tx. Without loss of generality, we model the LED radiation pattern P t by a generalized Lambertian model with azimuthal symmetry, as follows: where P Tx denotes the transmit power, θ ∈ [0, π/2] is the angle of irradiance, and m is the Lambertian order given by m = − ln(2)/ ln(cos(θ 1/2 )), with θ 1/2 being the Tx semi-angle at half-power. The LED is considered to emit at λ 0 = 470 nm with a Lambertian order of 45, corresponding to θ 1/2 ≈ 10 • . We conduct our study for the case of clear ocean waters with an attenuation coefficient of c = 0.15 m −1 [14] . We model the optical power loss by the Beer-Lambert law, which has been demonstrated as a good approximation of the channel power loss for the case of low turbidity waters [14] . This way, assuming perfect Tx-Rx alignment, the captured power by the Rx, P Rx , is given by [15] :
where Z is the distance between the Tx and the Rx and A PD is the physical area of the PD. Concerning the Rx noise for the case of an APD, we take into account the photo-current shot noise, arising from the input signal. We reasonably neglect the shot noise arising from background radiations, assuming that our system operates in deep waters. We also take into account the thermal noise, mostly generated by the load resistor of the trans-impedance (TZ) circuitry, refer to Fig.1 . Note that the TZ amplifier is useless for the SiPM case and is used only for the APD case, see the next section. We reasonably neglect the dark current noise assuming a Silicon PD [16] , [17] . The reader is referred to [16] for a complete model of the Rx noise in this case.
III. SIPM-BASED RECEIVER
An SiPM is an array of APD pixels (also called microcells) operating in Geiger mode; also called single photon avalanche diodes (SPADs). In this operation mode, diodes are biased above the breakdown voltage. When a photon heats the SPAD sensitive area, an avalanche breakdown is triggered and leads to the generation of an output pulse. Thus, the SPAD is considered as a single photon counter [11] and the SiPM output is the sum of single SPADs' photon counting. Each SPAD is connected to a quenching device that halts the Geiger discharge. Depending on its type, the SPAD (and therefore the SiPM) is said to be actively or passively quenched.
A. Performance parameters
The performance of an SiPM depends on several parameters, including its photon detection efficiency (PDE) that we denote by Υ PDE . It is defined as the product of the quantum efficiency, the fill factor (ratio of the active area to the total physical area of the PD), and the probability that a detected photon will generate an avalanche. The SiPM is affected by several sources of noise. The first one consists of after-pulsing (AP), defined as the re-trigger of the SPAD by trapped carriers at the SPAD output from the previous avalanche. We denote the probability of AP by P AP . Another noise source is the cross-talk (CT), which occurs when an avalanching micro-cell initiates an avalanche in another micro-cell and is defined by the probability P CT . The main source of SiPM noise is the dark count rate (DCR) which results from the breakdown of the micro-cell due to thermally generated electrons, that we denote by f DCR . Another key parameter of an SiPM is the micro-cell dead-time (τ d ), also known as the recovery time. It is the time needed by a micro-cell to recharge and during which it is unable to detect an arriving photon.
B. SiPM photon counting
We denote by C ph the output photon count of the SiPM, which is equal to the sum of individual counts from the SPADs, c ph (i), as follows:
where N SPAD denotes the number of SPAD pixels forming the SiPM. We assume that the SiPM has an ideal photon counter behaviour and model its photo-detection by a Poisson distribution [12] as follows:
Here, μ denotes the average photon count and is expressed as a function of the captured optical power by the Rx as follows [10] :
where T denotes the bit time and E ph = c/λ is the energy of photon, with , c, and λ being the Planck constant, the speed of light, and the light wavelength, respectively. It has been shown in [12] , that the SiPM generates a non-linear distortion (NLD) on the signal resulting from the saturation of the SPADs. This saturation is observed when photon arrivals occur during the SPAD dead-time. The related SPAD behavior depends further on the quenching device. Indeed, for the case of passive quenching, the extra-photon arrivals, although uncounted, extend the pixel dead-time, causing the SPAD to collapse. For this reason, the passively quenched SPAD are said to be paralyzable detectors [12] . On the other hand, for the case of active quenching, the incoming photons during the dead-time are not counted and do not prolong the deadtime. Hence, the actively quenched SPADs are said to be non-paralyzable detectors [12] . Given (5), the average output of the SiPM during a bit time T is expressed as a function of μ as follows [12] :
where μ PQ and μ AQ denote the average photon counts for the cases of passively quenched (PQ) and actively quenched (AQ) SiPM, respectively. Considering the SPAD's dead-time constraint, an SiPM is practically able to detect photons at a maximum rate of R max = 1/τ d [18] . For this reason, in our study we fix the data transmission rate R such that R ≤ R max .
C. BER analysis
In this study, we consider intensity modulation with direct detection (IM/DD), based on non-return to zero (NRZ) on-off keying (OOK) modulation as the transmission scheme, which has the advantage of implementation simplicity. Let us denote by P 0 and P 1 the transmitted optical power for bits '0' and '1', respectively. Referring to (2) and (5)- (7), we calculate the corresponding average number of received photons, that we denote by μ 0 and μ 1 , respectively. For OOK demodulation at the Rx, we define the detection threshold μ th as follows:
Thus, the error probability P e, can be calculated as follows [10] :
where F c (x, y) denotes the cumulative distribution function of the Poisson-distributed random variable x with parameter y.
IV. NUMERICAL RESULTS
In this section, we present some simulation results in order to study the performance of an SiPM-based Rx for UWOC links. The Rx simulation parameters are specified in Table I . These parameters correspond to a SensL B-series 30020 SiPM PD based Rx [19] . Here, we take R = 3 Mbps, which can be readily attained using the typical off-the-shelf available LEDs. We assume that the considered SiPM and APD have equal physical areas. Note that, whereas the physical area of an APD is almost totally photo-sensitive, the fill factor of an SiPM is typically on the order of 40%. We first set the extinction ratio EXT = P 0 /P 1 to 0. We have presented the link BER performance of the cases of PQ-and AQ-SiPM and APD as a function of the link span Z in Fig. 2 . We have also shown the plot of the received power, P Rx .
Let us consider a target BER of 10 −4 . From the results in Fig. 2 , an SiPM-based Rx achieves a communication link span around 36 m, for both cases of AQ and PQ detectors. On the other hand, the APD-based link distance is limited to about 17 m only. The corresponding received power P Rx for Z =17 m and 36 m are on the order of −110 dBm and −152 dBm, respectively, which shows the capability of SiPMs to work under very low signal levels compared to APDs. Note that the suitability of SiPM to UWOC systems comes especially along with the use of LEDs as the Tx emitting source. Indeed, LEDs have typically a much larger beam divergence compared to laser diodes, which results in a higher geometric loss, and hence much reduced link span; the price paid for simpli- fied Tx-Rx alignment. The use of an SiPM-based Rx is then particularly promising and enables data transmission over considerably increased link spans, compared to an APD-based Rx. Fig. 2 further shows that NLD arises for the case of PQSiPM for P Rx ≥ 66 dBm, corresponding to Z ≤ 5 m, which is the result of detector saturation. So, unless for too short link distances (rather unlikely to happen in practice), the PQ-SiPM is not concerned by NLD problem. We do not notice this behavior for the case of an AQ-SiPM. However, this is valid for the special case of EXT = 0 that we consider for Fig. 2 results.
In order to get more insight into the impact of NLD on the link performance, let us investigate the case were EXT = 0, which is mostly the case in practice because the minimum intensity of a LED is never equal to zero. The simulation results are presented in Fig. 3(a) and Fig. 3(b) for the cases of AQ-and PQ-SiPM, respectively. We notice that the SiPM performance strongly depends on the EXT parameter. Indeed, when we rise the EXT from 0 to 0.8, the maximum achievable link span for a target BER of 10 −4 is reduced from ∼ 36 m to ∼ 21 m for both AQ-and PQ-SiPM cases. This could be expected since increasing the EXT means that the power levels corresponding to bits '0' and '1' are closer to each other, resulting in a higher error probability according to (9) . We also notice that the NLD effect is manifest at a larger Z as EXT increases, and this is also valid for the case of AQ-SiPM, although we noticed an NLD-free performance for EXT = 0. For instance, for EXT = 0.8, the NLD limitation occurs at Z ≤ 6 m for the case of AQ-SiPM, while this lower limit of the link span increases to about 11 m for the case of PQ-SiPM. We conclude that, overall, not only a relatively high EXT ratio reduces significantly the link span for a target BER, it also impacts the range of Z over which SiPM operates in the NLD-free (i.e., linear) mode.
V. CONCLUSIONS
In this paper, we demonstrated the feasibility of using SiPM detectors in UWOC systems. We showed that these PDs provide significant performance improvement compared to the case of APDs, when working with very low signal intensity levels, e.g. for long link spans. In particular, we studied the effect of non-linear distortion generated by the SiPM operation mode and showed that its impact on the link performance and range strongly depends on the LED extinction ratio. In fact, increasing the EXT parameter reduces the operation flexibility in terms of the maximum and minimum achievable link spans for a given target BER performance. Meanwhile, we showed that the limitation due to non-linear distortion occurs in very short link ranges,e.g. lower than a few meters for EXT < 0.5.
